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Abstract
The Joint Research Centre, in cooperation with the Commissariat à l’Energie Atomique et aux Energies Alternatives, pro-
duced a novel 243Am spike reference material for mass spectrometry. Americium solution with an isotopic composition of 
88% 243Am and 12% 241Am was used as the source for the preparation of the spike material. The certified value of 5.696 
(11) nmol g−1 for the amount content of 243Am and 0.136138 (54) for the n(241Am)/n(243Am) amount ratio were assigned. 
The assigned values from mass spectrometry were confirmed by alpha-particle spectrometry, alpha-particle counting at a 
defined solid angle, and high-resolution gamma-ray spectrometry. Furthermore, an external validation of the certified values 
was obtained from the results of an interlaboratory comparison exercise, using this americium reference solution as the test 
sample.

Keywords  243Am · Nuclear safeguards · Nuclear forensics · Spike · Isotope dilution mass spectrometry (IDMS) · Certified 
reference material (CRM)

Introduction

Americium (Am) is a non-naturally occurring element, 
produced by neutron capture in nuclear reactions. Among 
various Am radioactive isotopes, 241Am and 243Am are the 
two important isotopes with half-lives of 432.6 (1.2) [1] 
and 7345 (28) years (k = 2) [2]. 241Am and other isotopes of 
Am are usually determined by alpha-particle and gamma-
ray spectrometry [3, 4]. However, mass-spectrometric 
techniques have become increasingly important in nuclear 
safeguards and nuclear security, particularly when Am 
measurement results with lower uncertainty are needed. To 
achieve this, suitable certified reference materials (CRMs) 
are indispensable for calibration of mass spectrometers, vali-
dation of methods and in quality control.

Until today, no Am reference materials for mass spec-
trometry certified for the isotopic composition or amount 
content have been available on the market. Ideally, spike 
CRMs are produced gravimetrically from well-characterised 
high-purity metals and compounds such as purified oxides. 
Unlike for uranium and plutonium, americium base materi-
als are scarce or difficult to obtain. Consequently, this has 
resulted in rare application of mass-spectrometric techniques 
for determination of Am. The need for an isotopic Am CRM 
has been expressed by the International Atomic Energy 
Agency (IAEA) and at the 2016 Nuclear Security Summit 
[5, 6]. Such material can be applied in nuclear forensics to 
determine accurately the model age of plutonium (Pu) mate-
rials, i.e. the time elapsed since its last chemical purifica-
tion, via 241Am/241Pu chronometry [7–11], in radiation waste 
management for characterisation of irradiated nuclear fuel/
waste for long-term disposal at geological repositories [12], 
and in nuclear decay data application for the determination 
of nuclear half-lives.

To fill this gap, the Joint Research Centre of the Euro-
pean Commission (EC-JRC) in Geel and the Commis-
sariat à l’Energie Atomique et aux Energies Alternatives 
in Marcoule jointly produced and certified an 243Am spike 
reference material. The Am starting material, enriched in 
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243Am (88%), was provided by the Atalante Analysis Labo-
ratory (CEA/L2AT, Marcoule). The isotopic composition 
of the Am source is different from that found in the fuel 
cycle or in purification processes, making it suitable as the 
source for this spike material and for the quantification of 
Am by mass spectrometry. Nearly 600 units of this refer-
ence material were produced, with a mass fraction of Am 
of about 1.5 µg g−1 solution. The CEA and the JRC-Geel 
each received half of the total units produced. The material 
was certified for the Am content by isotope dilution mass 
spectrometry (IDMS), using an 241Am spike produced in-
house from 241Pu material, and for the isotope amount ratios 
(e.g. isotopic abundance) by thermal ionisation mass spec-
trometry (TIMS). The preparation and certification of this 
material were done in compliance with ISO 17034 and the 
ISO Guide 35 [13, 14]. Radiometric techniques were used 
as independent confirmation measurements. In parallel to 
the certification process and prior to release of the mate-
rial’s certificate, an interlaboratory comparison (ILC) was 
organised by the CEA’s Commission d’ETAblissement des 
Méthodes d’Analyse (CETAMA) using this reference mate-
rial as the test sample [15].

In this paper, the preparation and the characterisation of 
this 243Am spike CRM (IRMM–0243/STAM) will be pre-
sented. All uncertainty values in this paper are expanded 
uncertainties with a coverage factor k = 2. They are given 
in parentheses.

Methodology

The solution was characterised for the amount content of 
Am (e.g. 243Am, 241Am and total Am) using isotope dilution 
mass spectrometry (IDMS) as a primary method of meas-
urement [16, 17]. In IDMS, the amount of an element (or 
isotope) in the sample is determined on the basis of addi-
tions of known amounts of the same element (called a spike) 
whose isotopic composition differs from that of the unknown 
sample. By measuring the change in isotopic composition 
of the blend (sample-spike mixture) by isotope mass spec-
trometry, the unknown amount of the element (or isotope) 
can be derived.

In absence of a suitable, well-characterised 241Am 
spike, an alternative approach had to be chosen. The 
241Am spike was produced from highly enriched 241Pu 
(99.3%) base material available at JRC-Geel. Two strate-
gies for the characterisation of the 241Am in-house spike 
were considered. The first strategy is based on separating 
the ingrown 241Am from the 241Pu material since its last 
purification and, subsequently, characterising the 241Am 
amount content and the isotopic composition by means of 
mass spectrometry or radiometric techniques. This strat-
egy, however, would require an 243Am spike, which was 

not available at JRC-Geel. On the other hand, the charac-
terisation by alpha- or gamma spectrometry would result 
in higher uncertainty. The second strategy relies on the 
complete removal of the 241Am in the 241Pu material and 
setting the “clock” to zero (time zero). The amount of 
produced 241Am by beta decay of 241Pu (half-life 14.325 
(24) years, k = 2 [18]) can be calculated at a given time 
using the appropriate Bateman equation [10]. The concen-
tration of 241Pu in the purified solution is determined by 
reverse IDMS using a certified plutonium spike CRM. This 
approach had previously been tested in a feasibility study 
[19]. For that study, a less enriched 241Pu material (about 
70%) originating from Oak Ridge National Laboratory was 
used for IDMS measurements of a similar 243Am work-
ing reference material and was successfully applied in age 
determination of Pu NBL SRM 147 material. The lessons 
learned from the feasibility study were further developed 
and optimised for this certification project.

The n(241Am)/n(243Am) and n(242mAm)/n(243Am) 
amount ratios were measured by TIMS. Alpha-particle 
spectrometry, alpha-particle counting at a defined solid 
angle (DSA), and high-resolution gamma-ray spectrometry 
were applied as independent confirmation measurement 
techniques. Furthermore, the reference values obtained 
through the certification process were verified externally 
against the results of an interlaboratory comparison (ILC) 
organised by CEA/CETAMA, using this reference material 
as the test sample. The steps in the preparation and cer-
tification of the americium reference material are shown 
in Fig. 1.

Material production

Four milligrams of the Am starting material consisting of 
approximately 88% 243Am, 12% 241Am and 0.01% 242mAm 
were purified by extraction chromatography to remove the 
major elemental impurities and subsequently diluted with 
about 2400 mL 1 M nitric acid solution to obtain an Am 
mass fraction of 1.5 µg g−1 solution. The solution was dis-
pensed into pre-cleaned glass ampoules with screw-caps. 
In total 587 units of this reference material were prepared, 
each unit containing approximately 5 µg of Am in 3.5 mL 
nitric acid solution. Impurity analyses were carried out on 
the purified Am starting solution by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES), as well 
as on the final product by inductively coupled plasma quad-
rupole mass spectrometry (ICP-QMS). All labware (flask, 
dispenser and ampoules) were cleaned prior to use with 
ultra-pure Milli Q water (resistivity 18.2 MΩ cm at 25 °C) 
and 10% (m/m) nitric acid solution for 24 h and dried in an 
oven at 60 °C [20].
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Material characterisation

241Am/241Pu in‑house spike

About 2 milligrams of 241Pu material were dissolved in 
nitric acid and purified by anion exchange separation (Bio-
rad AG 1-X4 resin, 100–200 mesh) [21] to remove the 
daughter decay products. The purification procedure was 

performed three times in order to remove all the decay 
products that had been growing in since the production 
of this material in 1991. The final purification was car-
ried out on June 10, 2014 at 15:10 CET (Central Euro-
pean Time) and marked the start of the 241Am in-growth 
(time zero). An aliquot of the purified 241Pu solution was 
measured by high-resolution gamma-ray spectrometry to 
verify the completeness of the purification; the atom ratio 

Fig. 1   Flow chart for the 
preparation and certification of 
IRMM-0243/STAM
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241Am/241Pu was found to be less than 5.6 (6) × 10−5 at 
time zero.

The purified 241Pu material was diluted with 100 mL 1 M 
nitric acid solution and characterised for the amount content 
of 241Pu and for isotopic composition. The weight of the 
flask containing the 241Pu solution was monitored to correct 
for any evaporation loss.

Spiking

Spiking, chemical purifications, and subsequent measure-
ments were carried out about one and a half year after the 
purification of the 241Pu material (June 10, 2014). During 
this period a sufficient amount of 241Am had been produced 
(about 5.67 nmol g−1 at t = 18 months, see also Fig. 3) for 
spiking. Eighteen units in total were selected (stratified ran-
dom) from the whole batch and from each unit an aliquot of 
about 2.5 g was mixed with an aliquot of about 1.0 g of the 
241Pu/241Am spike solution (blend) for the determination of 
the amount content of 243Am by IDMS. In addition an aliquot 
of about 0.7 g was taken from each ampoule for the determi-
nation of the n(241Am)/n(243Am) and n(242mAm)/n(243Am) 
isotope ratios by TIMS. Spiking was done by metrological 
weighing using the substitution method [22]. The chemical 
separation and isotope ratio measurements were carried on 
sets of two units over a period of 7 months (January to July 
2016). This approach was used in order to have different 
amounts of ingrown 241Am for spiking and to assess the sta-
bility of the Am solution during the certification campaign.

Americium purification

Prior to the isotope ratio measurements, two purification 
steps were carried out to remove the 241Pu from the in-grown 
241Am in the blends by means of UTEVA-spec [23] and 
DGA extraction resins [24] (both of Triskem International, 
Bruz, France). The time of the Am elution (i.e. separation 
of Am from Pu) from the first UTEVA-spec column was 
carefully recorded in order to calculate the ingrowth time 
Δt(241Am), i.e. the time elapsed since time zero. The DGA 
purification step was applied to remove the organic and other 
impurities that would interfere in the isotopic measurements. 
The purification steps of Am prior to isotopic measurement 
are shown in Fig. 2.

Isotope ratio measurements

Isotope ratio measurements were carried out using the 
total evaporation method on a multi-collector Triton 
Thermal Ionisation Mass Spectrometer (Thermo Fisher 
Scientific, Bremen, Germany), in a similar manner as 
routinely performed for uranium (U) and plutonium (Pu) 
samples of similar size. In the total evaporation method, 

the evaporation filament is heated up to maintain a steady 
intensity and measured until the whole sample is con-
sumed. In this way, the fractionation effects in the ion 
source are minimized [25–29]. A mass fractionation cor-
rection by measuring an americium isotopic standard was 
not possible due to unavailability of such material. It can 
be assumed that Am behaves similar to U and Pu during 
the total evaporation measurements (similar first ionisa-
tion potentials) [30]. Therefore, Pu isotopic standards were 
measured to check the performance of the mass spectrom-
eter. Degassed zone refined rhenium filaments (Thermo 
Fisher Scientific, Bremen, Germany) were used as ioniza-
tion and evaporation filaments (double filament configura-
tion). About 20 ng of Am in the form of nitrate solution 
were deposited on an evaporation filament, dried down 
and mounted on a sample turret. All ion currents were 
measured simultaneously on Faraday cups.

Fig. 2   Purification of Am prior to isotope ratio measurement
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Confirmation measurements

High-resolution alpha-particle spectrometry [31–33] was 
used to determine the activity ratio A(243Am)/A(241Am) of 
the Am reference solution. The alpha source was prepared 
by electrodeposition on a polished stainless steel disk with 
an active diameter of 18.6 mm and measured using a passi-
vated ion-implanted planar silicon detector (PIPS®, 150 mm2 
active area, Mirion Technologies (MGPI) SA, France). The 
total Am activity per unit mass was determined by means 
of alpha-particle counting at a defined solid angle (DSA) 
[31, 34]. Gravimetrically quantified drops of Am solution 
were deposited on 34 mm glass plates and covered with 
20 µg cm−2 VYNS foils (polyvinylchloride-polyvinylacetate 
copolymer) to prevent material loss.

Two independent gamma-ray measurement campaigns 
were carried out, one in the underground laboratory 
‘HADES’ [35] and one above ground in the radionuclide 
metrology laboratory at the JRC-Geel. Point-like sources 
were prepared gravimetrically by drop deposition on lami-
nated plastic foils supported by a stainless steel annulus of 
34 mm outer diameter. They were measured above ground 
using two coaxial high purity germanium (HPGe) gamma-
ray spectrometers, one of 35% and the other of 90% rela-
tive efficiency [Mirion Technologies (MGPI) SA, France]. 
One gamma source was selected for ultra-low-level gamma-
ray spectrometry (ULGS) measurements in the ‘HADES’ 
laboratory using a HPGe detector of type Broad Energy 
Germanium Detector (BEGe) with a relative efficiency of 
20% (Canberra, USA). The activities of 241Am and 243Am 
were calculated based on the main gamma-ray peaks of 
the nuclides, i.e. at 59.54 keV energy for 241Am and at 
74.66 keV for 243Am [36, 37].

Results and discussion

241Am/241Pu in‑house spike

The results of the characterisation measurements of the 
241Pu solution after purification are summarised in Table 1.

The values for the isotope ratios were found to be in 
agreement with the values from the measurement certificate 
of the 241Pu material of 1991. The 241Pu content (i.e. mass 
fraction, amount content) was determined as the mean of 
the 10 blends measured by IDMS using 242Pu spike CRM 
(IRMM-049d). Each blend was measured in replicates on 
the Triton TIMS using the total evaporation method. The 
correction for mass fractionation effects was based on the 
measurement of the IRMM-290b/A3 Pu isotopic standard.

The ingrown amount of the 241Am (c241Am) was deter-
mined using the equation (Eq. 1):

where co
241Pu is the amount content [mol g−1] of 241Pu in the 

purified spike solution at time zero (June 10, 2014), Δt [a] is 
the ingrowth time of 241Am (time elapsed since time zero), 
λ241Pu and λ241Am are the decay constants [a−1] for 241Pu and 
241Am, respectively, and co

241Am is the initial amount content 
[mol g−1] of 241Am in the purified spike solution. The half-
lives and associated uncertainties used for the calculation 
of the respective decay constants were 14.325 (24) years for 
241Pu and 432.6 (1.2) years for 241Am [1, 18].

To determine any 241Am impurity left in the 241Pu solu-
tion after purification, the 241Am ingrowth in the 241Pu solu-
tion was followed by high-resolution gamma-ray spectrom-
etry over a longer period. This indicated a separation time of 
June 10, 2014 17:18 CET (uncertainty range from 10:10 to 
23:55). This agrees very well with the actual separation time 
of June 10, 2014, 15:10 CET. Based on these measurements, 
the initial amount of 241Am in the purified 241Pu solution was 
considered to be negligible and therefore co

241Am ≈ 0.
The ingrowth of 241Am in the 241Pu solution after the 

purification is shown as a mass fraction in Fig. 3.

Impurities in the final reference material

The impurities measured in the reference material solution 
by ICP-QMS using a Perkin Elmer Elan instrument were 
potassium (Na), lead (Pb), uranium (238U) and zinc (Zn) 
with mass fractions of 5.3 (2.7) µg g−1, 0.96 (53) µg g−1, 
1.62 (81) µg g−1 and 1.48 (75) µg g−1, respectively.

Furthermore, 242Cm and 243+244Cm radioisotopes were 
measured by alpha spectrometry with activity of 59 (6) 
Bq g−1 and 12 (1) Bq g−1, respectively. The contribu-
tion of 242Cm isobaric impurity (5 × 10−7 µg g−1) to the 
fraction of 242mAm in the reference material was about 
0.2%. It was included in the uncertainty budget of the 
n(242mAm)/n(243Am) ratio.

(1)

c241Am
= c

o

241Pu

�241Pu

�241Am
− �241Pu

(e−�241PuΔt − e
−�241AmΔt) + c

o

241Am
e
−�241AmΔt

Table 1   241Pu amount content, 241Pu mass fraction, isotope amount 
ratios and associated uncertainties in the purified 241Pu solution

The reference date of the values is June 10, 2014

Description (unit) Measurand Value

Amount content (mol g−1) c(241Pu) 8.1394 (53) × 10−8

Mass fraction (g g−1) γ (241Pu) 1.9621 (13) × 10−5

Amount ratios (mol mol−1) n(238Pu)/n(241Pu) 9.8 (34) × 10−6

n(239Pu)/n(241Pu) 5.3 (19) × 10−6

n(240Pu)/n(241Pu) 2.5923 (29) × 10−3

n(242Pu)/n(241Pu) 4.4427 (25) × 10−3
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Assigned values and uncertainty estimation

The amount content of 243Am in the reference material was 
determined as the mean of sixteen results obtained by IDMS 
on the selected units. Two units (unit no. 240 and 437) were 
excluded from the evaluation due to very low signal intensi-
ties during the isotope measurement.

The n(241Am)/n(243Am) and n(242mAm)/n(243Am) ratios 
were measured on a Triton TIMS using the total evapora-
tion method. The results for the amount content of 243Am 
and the n(241Am)/n(243Am) ratio are shown in Figs. 4 and 
5, respectively. The amount contents of the 241Am, the total 
Am and the corresponding mass fractions were derived 
from the 243Am amount content, the n(241Am)/n(243Am) 
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amount ratio, and the respective atomic masses [38]. 
Measurement uncertainties were evaluated according to 
the Guide to the Expression of Uncertainty in Measure-
ment (GUM) [39] using the GUM Workbench© software 
[40].

A mass fractionation correction using measurements 
of a CRM on the same magazine as the sample is recom-
mended following ASTM C1672-17, but not mandatory 
[28]. This correction was not possible to perform for the 
Am measurements for this project, since there was no suit-
able Am isotopic standard available. Due to similarities in 
the chemical behaviour and similar ionization energies, it 
can be assumed that Am behaves similar to U or Pu during 
the total evaporation measurement and that the bias state-
ments for U and Pu can equally be applied for americium. 
For the n(241Am)/n(243Am) ratio the uncertainty component 
was calculated as 0.033% (k = 2, for ratios spanning 2 mass 
units) and for the n(242mAm)/n(243Am) ratio to 0.017% (k = 2, 
for ratios spanning 1 mass unit). These two uncertainty com-
ponents were included in the combined uncertainty for iso-
tope measurements. In addition, an uncertainty of 0.020% 
(k = 2, for ratios spanning 2 mass units) derived from isotope 
measurements of the U and Pu quality control (QC) sam-
ples was added as a conservative contribution to the uncer-
tainty budget for Am. In the case of n(242mAm)/n(243Am) 
amount ratio, an additional source of uncertainty (0.2% 
rel.) was added to account for the 242Cm impurity in the 
IRMM-0243 material. Relative contributions of various 
uncertainty components for the amount content of 243Am 
and the n(241Am)/n(243Am) ratio are shown in Figs. 6 and 
7, respectively.

The relative expanded uncertainty (coverage factor 
k = 2) for the 243Am amount content from the assessment 
was 0.19%. The dominant source of uncertainty comes from 
the uncertainty of the half-life of 241Pu (rel. contribution 
of 73.5%) followed by the concentration of the 241Pu spike 
solution (rel. contribution of 12.3%). Other uncertainty com-
ponents come from the 241Am ingrowth time, the between-
unit variability (homogeneity assessment) and isotope ratio 
measurements.

The uncertainty of the n(241Am)/n(243Am) ratio consists 
of the repeatability of the isotope measurements and uncer-
tainty components from the potential bias during the isotope 
ratio measurement and the QC measurements.

The assigned values and the results from the confirma-
tion measurements (i.e. alpha and gamma spectrometry) 
and the results from the ILC contributing to the certifica-
tion of STAM/IRMM-0243 are summarised in Table 2. An 
agreement was achieved within measurement uncertainties 
for all the measurands in Table 2 [39, 41]. In particular, 
good agreement was obtained for the results from alpha 
spectrometry and the reported results (as weighted mean) 
in the ILC. The compatibility between the assigned refer-
ence values and the ILC was quantified by the normalised 
deviation (En score) according to ISO 13528 [42]. The nor-
malised deviations for the amounts of 243Am and 241Am and 
the n(241Am)/n(243Am) ratio, − 0.3, 0.1 and 0.8, respectively, 
were all less than 2 [15]. Therefore, the values were adopted 
as the certified values for IRMM–0243/STAM.

In the case of the n(242mAm)/n(243Am) ratio, a value of 
0.0001506 (15) was measured by TIMS. This value was 
higher than the value obtained by the ILC, 0.0001367 (9). 
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Additional measurements showed several hundreds of counts 
at masses 238, 239 and 242, which may explain this observa-
tion. These interferences came from the reagents, resins or 

other impurities that were not removed by chemical purifi-
cation prior to the measurement. The n(242mAm)/n(243Am) 
ratio could not be corrected quantitatively for this effect and, 
therefore only an indicative value based on the ILC results 
has been assigned for this ratio.

Conclusions

A novel 243Am spike reference material IRMM-0243 (called 
STAM at CEA/CETAMA) was prepared and certified for the 
amount content of 243Am and the n(241Am)/n(243Am) isotope 
amount ratio by IDMS and TIMS and successfully confirmed 
by independent radioactivity measurements. Indicative val-
ues for the n(242mAm)/n(243Am) isotope amount ratio and its 
uncertainty were derived from the ILC organised by CEA/
CETAMA. The material is supplied in a glass ampoule with 
a screw-cap containing about 3.5 mL of dilute nitric acid 
solution with an Am mass fraction of 1.5716 (30) µg g−1. 

Fig. 6   Relative uncertainty 
contributions (%) from the 
characterisation of the amount 
content of 243Am (top pie chart). 
The bottom pie chart shows the 
relative uncertainty contribu-
tions of the 241Pu solution
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Fig. 7   Relative uncertainty contributions (%) from the characterisa-
tion of the n(241Am)/n(243Am) ratio
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This concentration is suitable for various mass spectrometry 
measurements using, e.g., TIMS, ICP-MS [43].
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